Estrogens are defined by their ability to induce the proliferation of cells of the female genital tract. The wide chemical diversity of estrogenic compounds precludes an accurate prediction of estrogenic activity on the basis of chemical structure. Rodent bioassays are not suited for the large-scale screening of chemicals before their release into the environment because of their cost, complexity, and ethical concerns. The E-SCREEN assay was developed to assess the estrogenicity of environmental chemicals using the proliferative effect of estrogens on their target cells as an end point. This quantitative assay compares the cell number achieved by similar inocula of MCF-7 cells in the absence of estrogens (negative control) and in the presence of 1 7,B-estradiol (positive control) and a range of concentrations of chemicals suspected to be estrogenic. Among the compounds tested, several "new" estrogens were found; alkylphenols, phthalates, some PCB congeners and hydroxylated PCBs, and the insecticides dieldrin, endosulfan, and toxaphene were estrogenic by the E-SCREEN assay. In addition, these compounds competed with estradiol for binding to the estrogen receptor and increased the levels of progesterone receptor and pS2 in MCF-7 cells, as expected from estrogen mimics. Recombinant human growth factors (bFGF, EGF, IGF-1) and insulin did not increase cell yields. The aims of the work summarized in this paper were a) to validate the E-SCREEN assay; b) to screen a variety of chemicals present in the environment to identify those that may be causing reproductive effects in wildlife and humans; c) to assess whether environmental estrogens may act cumulatively; and finally d) to discuss the reliability of this and other assays to screen chemicals for their estrogenicity before they are released into the environment. -Environ Health Perspect 1 03(Suppl 7):113-122 (1995) 
Introduction
For the last 40 years, substantial evidence has surfaced on the hormonelike effects of many xenobiotics in fish, wildlife, and humans (1) . The endocrine and reproductive effects of xenobiotics are believed to be due to their a) mimicking effects of endogenous hormones such as estrogens and androgens; b) antagonizing the effects of normal, endogenous hormones; c) altering the pattern of synthesis and metabolism of natural hormones; and d) modifying hormone receptor levels.
Among environmental chemicals found to cause reproductive impairment in wildlife and humans there are estrogen mimics (xenoestrogens). Natural estrogens promote cell proliferation and hypertrophy of female secondary sex organs and induce the synthesis of cell type-specific proteins (2) . Xenobiotics of widely diverse chemical structure have estrogenic properties (3, 4) .
This diversity makes it difficult to predict the estrogenicity of xenobiotics solely on structural bases. To overcome this shortcoming, their identification as estrogens has relied on rodent bioassays. These assays measure either vaginal cornification or the increase in uterine wet weight; however, the latter is not a specific estrogen response (5) . To obviate problems inherent to animal testing, quantitative bioassays using cells in culture have been developed. For example, the induction of prolactin in primary sheep pituitary cell culture has been proposed as a measure of estrogen action (6) ; in this model, estrogens induce protein synthesis but are ineffective at inducing cell proliferation. The limitations of this assay are that some estrogen-inducible genes could also be induced by nonestrogenic substances. For example, prolactin synthesis may be induced by EGF, thyrotropin releasing factor, and phorbol esters (7) . Another estrogen-inducible marker, ovalbumin synthesis, is stimulated by other steroids such as progesterone and glucocorticoids (8) . Also, induction of reporter genes under control by estrogen-responsive elements has been proposed to assess estrogenicity; however, elevated basal expression in the absence of estrogen often occurs, and this may raise concern about the reliability of these assays. Therefore, the proliferative effect of natural estrogens on the female genital tract remains the hallmark of estrogen action.
Hertz argued convincingly that this proliferative property should be adopted as the one method to determine whether or not a chemical is an estrogen (2) . This requires measuring the increase of mitotic activity in tissues of the female genital tract after estrogen administration. However, this method is not suitable for large-scale screening of suspected chemicals and an equally reliable, easy, and rapid-to-perform method would be preferable. The novel E-SCREEN assay fulfills these requirements (9) . This assay measures estrogeninduced increase of the number of human breast MCF-7 cells and is recognized as biologically equivalent to the increase of mitotic activity in the rodent endometrium (9, 10) . The objectives of this study were to validate the E-SCREEN assay and to test the estrogenicity of chemicals released into the environment in large volumes.
Materials and Methods

Cell Line and Cell Culture Conditions
Human breast cancer estrogen-sensitive MCF-7 cells were obtained from the Michigan Cancer Foundation (Detroit, MI) (11) . For routine maintenance, cells were grown in Dulbecco's modification of Eagle's medium (DME) (GIBCo, Grand Island, NY) supplemented with 5% fetal bovine serum (FBS) (Hyclone, Logan (12) ; E2 levels after CD treatment were less than 0.01 pg/ml when measured by radioimmunoassay. CD sera were stored at -20°C until needed. Samples kept for 1 year in the freezer maintained their inhibitory properties on the proliferation of human estrogen-sensitive breast tumor MCF-7 cells; plasma-and blood-derived sera were equally effective.
The E-SCREEN Test
The E-SCREEN assay was developed based on the following premises: a) a human serum-borne molecule specifically inhibits the proliferation of human estrogen-sensitive cells (12) (13) (14) (15) (16) ; and b) estrogens induce cell proliferation by canceling this inhibitory effect (12, 13, 16) . Nonestrogenic steroids and growth factors did not abolish the proliferative inhibition by mammalian serum (12, 13) .
Cloned MCF-7 cells were trypsinized and plated into 12-well plates (Costar, Cambridge, MA) at initial concentrations of 20,000 cells per well (9, 10) . Cells were allowed to attach for 24 hr; then, the seeding medium (5% FBS in DME) was removed and replaced by the experimental medium [5% CD human serum supplemented to phenol red-free DME (CDHuS)]. A range of concentrations of the test compounds was added to this medium. The bioassay was terminated on day 6 
Results
Proliferative Effect of Compounds Known To Be Estrogenic in Animal Models
E2 induced maximal cell yields at 10 to 100 pM using the E-SCREEN assay. Twenty-two compounds reported to have estrogenic activity were also tested. Their RPP is listed in Table 1 . Their relative potency measured by the E-SCREEN assay correlated with their relative binding affinity to the estrogen receptor and with their biological effect in uterotropic assays. Exceptions to these correlations have been reported in the literature; they reflect rates of clearance and metabolization of estrogens (20) . The E-SCREEN assay mimics exposure to a constant level of hormone, much like that achieved in animals by using estrogen-filled silastic implants. Estriol behaved as a full agonist in the E-SCREEN assay as it did when administered to animals in multiple doses (21) . Similarly, the proliferative potency of DES metabolites measured by the E-SCREEN assay paralleled that in the uterotropic assay; however, pseudo-DES and indanestrol had poor uterotropic activity but were full agonists when assayed by the E-SCREEN test (RPP = 10). The lowered (12, 13, 16 ). This conclusion was validated further by using human recombinant bFGF, EGF, and IGF-1 ( Table 2) . These results strengthen the reliability and specificity of this "in culture" assay.
Identification ofNew Xenoestrogens among Antioxidants and Plasticizers
An estrogenic contaminant was isolated from modified polystyrene centrifuge tubes (Corning Glass Co., Corning, NY, Cat. No. 25310-15). After purification by flash chromatography and reverse-phase HPLC, the estrogenic compound was identified by gas chromatography-mass spectrometry as a p-nonylphenol isomer (10) . This nonylphenol was a full estrogen for MCF-7 cells (RPE=100; RPP=0.0003 %, Table 3 ). Nonylphenol also increased the mitotic index of the endometrial epithelium in adult ovariectomized rats. As expected from a genuine estrogen, it also induced progesterone receptor in MCF-7 cells. p-Nonylphenol is 10 to 50 times more potent an estrogen than kepone and o,p'-DDT, and it mimics both the proliferative and inductive properties of natural estrogens. Alkylphenols with at least a three-carbon alkyl chain were also found to be estrogenic; p-octylphenol was the more potent one (RPP = 0.03). Other phenolic antioxidants were tested; among them polyalkylated, hindered phenols such as butylated hydroxytoluene (BHT) and Irganox 1640 were not estrogenic, whereas t-butylhydroxyanisole (BHA) was estrogenic. Among phthalate esters used as plasticizers, those derived from alkylalcohols such as dibutylphthalate and diamylphthalate were not estrogenic, whereas butylbenzylphthalate was estrogenic.
Identification ofEstrogenic PCB Congeners
Aroclor 1221 (9), 18 PCB congeners, and 10 hydroxylated PCBs were tested (Table  4) . Five PCB congeners were estrogenic in the E-SCREEN assay indicating that they are estrogenic per se or they have undergone hydroxylation by MCF-7 cells; their RPP was 0.0001. None of the estrogenic PCBs was coplanar. Among the hydroxylated PCBs assayed, the most potent were 2', 5'-dichloro-4-hydroxybiphenyl, (RPP=0.0 1-0.001), 2',4',6'-trichloro-4-hydroxybiphenyl (RPP=0.01), and 2',3',4',5'-tetrachloro-4-hydroxybiphenyl (RPP=0.001). 2',5'-dichloro-3-hydroxybiphenyl and 2',3',4',5'-tetrachloro-3-hydroxybiphenyl were also estrogenic, albeit 10-fold less potent than their 4-hydroxy isomers (Figure 2 ). More congeners should be assayed to derive meaningful structure-activity relationships among the 209 PCB congeners and their metabolites; the E-SCREEN assay should facilitate this undertaking. indicates that the compound tested is a full agonist, a value of 0 indicates that the compound lacks estrogenicity at the doses tested, and intermediate values suggest that the xenobiotic is a partial agonist. dRelative proliferative potency is the ratio between E2 and xenobiotic doses needed to produce maximal cell yields x 100. All compounds designated as full or partial agonists increased cell yields significantly over the hormoneless control (p<0.05). 'This compound exhibited submaximal proliferative activity at 100 nM (RPE:62%). at concentrations of 10 to 25 pM. It should be noted that the RPE of all these chemicals is lower than that of estradiol (endosulfanmixed isomers RPE 81 %, a isomer RPE = 77%, 3 isomer RPE 78%) (Table 6 ). Dieldrin and toxaphene were found to be estrogenic at 10 pM. The RPEs of these compounds were lower than those of endosulfan (dieldrin, RPE= 55%; toxaphene, RPE = 52%) (23) . The Table 9 compares the relative binding affinities of these xenoestrogens, their IC50 values and their relative proliferative potency. The concentration of estradiol and xenoestrogens necessary to decrease 3H-E2 binding by 50% were about one order of magnitude higher than the concentration needed to achieve maximal cell proliferation yields, PR and pS2 induction.
Identification ofEstrgenic Pesticides
Cumulative Effect ofXnoestogens
Analysis of fat or serum from wildlife and humans often reveals the simultaneous presence of several xenoestrogens (1); these findings suggest that xenoestrogens may act cumulatively. By using the E-SCREEN assay we verified this suggestion. Figure 3 shows the additive effect of 10 xenoestrogens, each administered at one tenth of the minimal effective dose that produces a proliferative effect.
Discussion
The deleterious impact of xenoestrogens on the reproductive success, development, and health of animals is well documented; the realization that humans are also exposed and at risk has become increasingly obvious (26) . Data showing a lowering of sperm quality and quantity, increased infertility, and spontaneous abortion rates in humans suggest that environmental estrogens play a role in the toxicology of human reproduction and development (27, 28 (29); this was the first observation of reproductive toxicity by kepone. Because of the occupational nature of this case, the culprit kepone became readily apparent. In contrast, wildlife are exposed to a combination of xenobiotics. It became clear in the Great Lakes studies that it was difficult to sort out which one of the xenobiotics played a causal role or whether the signs of intoxication were due to cumulative interaction among the chemicals present in affected animals (1). Exposure to environmental estrogens, singly or in combination, may be easily assessed in male fish, reptiles, or birds used as sentinels by measuring their vitellogenin plasma levels. Instead, exposure of females to xenoestrogens is more difficult to ascertain through a marker such as vitellogenin because the serum levels of this protein are high in animals laying eggs (30, 31) . In addition, there is no comparable marker to ascertain exposure in mammals. Again, the E-SCREEN assay represents the best alternative to resolve this second obstacle.
Animal Bioassays and the E-SCREEN Assay: Differences and Similarities
Diverse animal models and assays have been used to measure estrogenicity. Allen and Doisy (32) and other pioneers of estrogen research used mouse and rat activity units to follow their estrogen purification protocol; the end point of their assay was vaginal cornification. Dodds and Lawson(33) used both the Allen and Doisy assay (32) and the feminization of the feather pattern in brown leghorn capons (33) . Others adopted the uterotropic assay using single or multiple doses of estrogens over 24-to 72-hr periods in immature or ovariectomized mice and rats. This diversity of end points indicates that there is no universal "gold standard" of estrogen action among animal bioassays. The E-SCREEN assay appears to be the best candidate for establishing a quantitative standard of estrogenic activity at the target organ level. As shown in Tables 1 through 6 , no false positives or negatives were observed among the estrogens and nonestrogens tested. No qualitative differences could be found when comparing animal assays and the E-SCREEN assay; that is, the estrogenic properties of compounds characterized using animal bioassays was also ascertained using the E-SCREEN test. From a pharmacokinetic perspective, the latter measures estrogenicity at the target cell level under conditions where estrogen levels are mostly constant, much like the ones achieved when animals are treated with estrogen-filled silastic implants. This approach is more relevant to chronic environmental exposure than that of measuring acute effects after a single dose. In both types of assays, metabolism of the suspected xenoestrogen into more or less active compounds is uncertain and should be defined individually for each compound. For example, nonylphenol diethoxylate was estrogenic for MCF-7 cells; since it does not compete for estradiol binding to the estrogen receptor, it is likely that estrogenic activity results from nonylphenol diethoxylate metabolism to the free phenol (22) . Methoxychlor was also believed to be inactive until metabolized to free phenols, presumably in the liver; again, methoxychlor tested positive when assayed by the E-SCREEN test. Therefore, even though the putative proestrogens tested so far were estrogenic when assayed by the E-SCREEN test, an added step in the quest for identifying all xenoestrogens may include their metabolic activation by liver microsome extracts prior to their testing by the E-SCREEN assay.
Regarding quantitative effects, while kepone is 100,000 to 1,000,000 times less potent than estradiol according to the E-SCREEN assay, an increase of the rat uterine wet weight comparable to that of estradiol occurred with a 1000-to 5000-fold higher dose of chlordecone than that of estradiol (3) . This discrepancy may be due to rapid metabolism of estradiol and persistence and bioaccumulation of chlordecone in animals. Differences between results in culture and in live animals reflect the different parameters used as a measure of estrogenicity. On one hand, the rodent assay measures the increase of uterine wet weight [water imbibition, hypertrophy (which is also produced by estrogen antagonists), and hyperplasia] (5) , while on the other hand, the human E-SCREEN bioassay measures cell proliferation only. This is a necessary and sufficient parameter to define estrogen action (2) . (34) . Nonylphenol has been reported to leach from PVC tubing for milk processing (35) and plastics used in food packaging (36) . APEs such as those used as spermicides are degraded to free nonylphenol when administered to rodents (37) . The contribution of APEs and alkylphenols to the xenoestrogen burden of humans is unknown; however, it has been reported that these chemicals are present in sewage outlets in concentrations sufficient to feminize sentinel fish (38) . Alkylphenols accumulate in river sediment and in the fat of exposed fish (39 In addition to the estrogenic alkylphenol antioxidants described above, we found that BHA was estrogenic. BHA is a widely used antioxidant; because it controls oxidation of short-chain fatty acids such as coconut oil (40) . Maximal usage levels of BHA permitted by U.S. Food and Drug Administration (U.S. FDA) varies according to the food type, from 50 ppm in dry breakfast cereals to 1000 ppm in active yeast (41) .
Plasticizers are used to decrease the rigidity of certain polymers. For the most part, they are di-and triesters of organic acids. Phthalate esters are widely used plasticizers (42) . These compounds leach from plastics, and they have been found to be ubiquitously distributed in the environment, including marine ecosystems (43, 44 Toxaphene is a main airborne pollutant in North America, and its residues appeared in regions where it has never been used, like the Arctic and Scandinavia (48) . It is present in Arctic and Baltic salmon muscle fat at concentrations of 700 to 7000 ppb (49) ; this concentration is well within those producing estrogenic effects in the E-SCREEN assay (10 pM = 4800 ppb).
Endosulfan was introduced in 1954; it is presently used for agricultural purposes in the United States and other countries (50) . Proliferative, estrogenlike effects in MCF-7 cells were found at doses of 10 pM (4060 ppb). Endosulfan was shown to produce testicular atrophy in male rats fed a diet containing 10 ppm (51, 52) ; it also lowered gonadotrophin and testosterone plasma levels (53) . These results are consistent with its estrogenicity revealed by the E-SCREEN test.
These newly identified estrogens not only induced cell proliferation but pS2 and PR as well; this confirms their estrogenmimicking properties and the specificity of the E-SCREEN assay as a tool to identify estrogens. These xenoestrogens compete with estradiol for binding to its receptor; their RBA's correlated well with their potency to induce cell proliferation, pS2, and PR. Recent data suggest that alkylphenols bind to the estrogen-binding domain of the estrogen receptor (22) . Binding to the receptor is a necessary but insufficient property to define estrogenicity. Tetrahydronaphthol, which is not estrogenic, is effective in preventing the forward binding of estradiol to its receptor while alkylphenols, which are estrogenic, are effective in displacing prebound estradiol from its receptor (54) . These data were interpreted as indicative of interactions with more than one site on the estradiol receptor.
Cumulative Effect ofXenoestrogens
Xenoestrogens may act cumulatively ( Figure  3 ) and with endogenous estrogens thus disrupting the endocrine system of exposed wildlife and humans. Hence, measuring the total estrogenic burden due to environmental contaminants present in a plasma/tissue sample may be more meaningful than to assess exposure by measuring the levels of each of the known xenoestrogens. Recently, an epidemiological study showed a positive correlation between breast cancer and serum levels of DDE, a DDT metabolite (55) (56) (57) , leaving open the possibility that xenoestrogen exposure increases the incidence of breast cancer. Since xenoestrogens are postulated to be a risk factor for breast cancer, measuring a single xenoestrogen may not be a reliable indicator of exposure because different persons eating different diets may be exposed to different xenoestrogens. Therefore, measuring total xenoestrogen burden represents a more reliable approach to assess the link between xenoestrogens and breast cancer. The E-SCREEN test may be used to this end once a protocol is developed to separate environmental estrogens from endogenous ones. In addition, in a preventive approach, the E-SCREEN test may be used to screen chemicals for their estrogenicity before they are released into the environment.
